Background: Pelvic instability is a common occurrence during standing and walking post stroke. Inappropriate muscle activation and poor movement control around the pelvis lead to difficulty in mobility and daily functioning. Purpose: The purpose of the study was to examine the effects of pelvic stability training on the movement performance of trunk and lower limb, hip muscles strength, walking speed and daily activities after stroke. Methods: This randomized controlled trial involved 34 patients aged 56 (11) years with the post stroke duration being 31 (22) weeks. Patients with medical stability, an ability to follow verbal instructions, independent sitting balance and supervised walking capacity were included. The experimental group (n = 13) underwent the pelvic stability training and the control group (n = 13) were subjected to standard physiotherapy for 1 h a day, 3 times a week for over 6 weeks in a stroke rehabilitation setting. Trunk Impairment Scale 2.0 (TIS 2.0), Fugl Meyer Assessment of Lower Extremity (FMA-LE), hip muscles strength (lb.), gait speed, pelvic tilt and modified Barthel Index (MBI) were the outcome measures. Results: All the measures between both groups were similar at baseline except TIS 2.0 and FMA-LE. Following training, pelvic stability group showed statistically significant improvement (p < 0.05) except MBI and substantial mean changes in the measures of TIS 2.0 (2.12), FMA-LE (5.12), hip strength (lb.) for flexors (4.6), extensors (2.8), abductors (2.58), adductors (2.9), gait speed (0.05 m/s) and MBI (7.74) as against standard physiotherapy group. Conclusion: Pelvic stability training was found to be beneficial in improving the trunk and lower extremity movement control, hip muscles strength, gait speed and daily activities in stroke.
chronic stage stroke recovery [2] . Following stroke, an inappropriate muscular activity pattern associated with spasticity and weakness, soft tissue stiffness of lower limb and postural deviations of trunk and pelvis might affect the postural control system as a whole [3] . Pelvis being the key structure that connects the trunk to lower extremities supports the weight of the body and transfers its load onto lower limbs. Also, pelvis is a part of the lower trunk when an individual is in the sitting position, whereas it becomes a functional component of the lower limb when a person is standing and walking.
Pelvic stability refers to the ability of coordinated activity between the lower trunk and proximal hip muscles during functional balance and mobility tasks in which the pelvis serves the proximal dynamic stability as to allow for effective lower limb mobility [4] . In a recent cross-sectional study, it was observed that poor trunk control and lower extremity recovery are related to the pelvis instability in patients with chronic stroke [5] . Altered pelvic alignment in the standing position resulting from poor lower trunk control after stroke shall positively influence the balance, gait and functional performance [6] . Additionally, it was found that pelvic mal-alignment, that is, excessive lateral and anterior pelvic tilt shall affect their standing weight-bearing symmetry between feet in patients after stroke [7] . While walking after stroke, poor lower trunk control and pelvic instability might allow for excessive lateral pelvic displacement towards the least involved side and reduced vertical movement on the most affected side [8] .
Postural control in stroke is affected not only by the most involved lower limb but also by the inability of contralateral leg to compensate for the undue postural demand from paretic leg [9] . In response to self-initiated perturbations in the standing posture after stroke, there was a reduced gluteus medius muscular activity on the most involved side with an exaggerated activity of hip adductors on the least involved side [10] . An enhanced hip extensor activity of either the most affected or least affected leg in the stance phase of gait was found to be positively correlated with the walking speed [11] . Hip muscles particularly the extensors and adductors are the weakest in patients with chronic stroke and they are related to worse gait symmetry [12] . Hip extensor muscle weakness and restricted hip extension mobility on the most involved lower limb during the terminal stance of gait shall invariably influence the movement control of ipsilateral side hip and knee flexion throughout the swing phase, thus reducing the gait speed in stroke [13, 14] .
Although pelvic stability is an integral component for balance and mobility in patients with stroke, the exercise training provided in this regard is till date underexplored. Hence, we attempted to examine the effects of pelvic stability training, that is, the dynamic coactivity and strengthening of lower trunk and proximal hip muscles on trunk and lower extremity movement control, hip muscles strength, walking speed and daily functioning in patients with stroke.
Material and Methods
The study protocol was approved by the institutional research committee of School of Allied Health Sciences, Manipal University and registered in clinical trial registry (CTRI/2017/04/008309). A written informed consent and details of study participants were obtained from the legally acceptable representatives in their native language. This randomized controlled trial was conducted in the stroke rehabilitation centre of the Manipal hospital. Patients post stroke with medical stability were screened for the study eligibility. Patients with first episode of either haemorrhagic or ischaemic stroke, ability to understand simple verbal commands, standing ability with or without manual assistance/mobility aids, Brunnstrom stage beyond 3 for lower limb motor recovery were recruited in the study. Patients were not included in the study if they had any other neurological and musculoskeletal dysfunction such as cerebellar lesion, perceptual dysfunction and any history of lower limb or pelvic fractures in the previous 6 months that might potentially affect their performance of balance and walking. They were then assigned into either the experimental group (pelvic stability training) or control group (standard physiotherapy) through the block randomization method with concealed allocation using opaque sealed envelopes. Patients from both groups were given 1 h treatment session per day, 3 times a week for over 6 weeks by qualified physiotherapists. The standard physiotherapy involved 30 min of a range of motion exercises, tone modulation strategies, stretching, synergy activity and strengthening of lower limb muscles in supine and sitting positions addressing the soft tissue stiffness, spasticity, muscle inactivity and weakness of the lower limb. Balance training in sitting and standing and gait training were administered to them for 30 min duration. The similarity of groups with respect to other treatments was ensured. All the study patients involved only in the allocated exercise regime and they were advised to continue medications as prescribed by a neurologist. During the study period, none of them underwent treatments such as Ayurveda, and massage therapy, which might potentially influence their rehabilitation outcomes.
Pelvic Stability Training
This exercise protocol was designed based on the neurophysiological and biomechanical aspects of pelvic stability. The muscular selectivity and co-contraction of lower trunk and proximal hip muscles were achieved through training and reinforced through the therapeutic guidance and irradiation strategies in lying, sitting and standing positions. The exercise sets and intensity were designed based on the performance of the individual DOI: 10.1159/000486273 patient. Exercises such as pelvic bridge, unilateral bridging and pelvic rotations in supine positions emphasized the lower trunk abdominals and proximal hip muscular co-activity, particularly the gluteus medius and maximus. These exercises were initially given in plinth and later on using physio ball. The gluteus medius was activated when the patient was lying on the most involved side with both hips and knees flexed to 90°. The patient was instructed to abduct the top hip against the manual resistance applied at the distal thigh by the therapist. Irradiation from hip abductors of the strong leg was made to overflow to the weak gluteus medius muscle. From the same starting position, the patient was guided to lift both knees towards ceiling and was instructed to hold them for 5-10 s. This might reinforce the activity of lower abdominals along with ipsilateral hip abductors and contralateral hip adductors. Tri-phasic burst of hip extensor and flexor muscle groups was activated when the patient was lying on his least involved side. Hip extensors and flexors being the tonic and phasic muscles, respectively, the extensor was activated isometrically at an inner range, that is, extreme hip extension and flexor were contacted isotonically from an outer to an inner range, that is, towards maximum hip flexion. The pelvic stability training protocol is shown in Appendix 1.
While sitting on an unstable support such as therapads, the pelvic muscular coactivity was enhanced using dynamic weight shifts between buttocks. During anterior-posterior weight shifts, the forward trunk inclination with anterior pelvic tilt was encouraged to activate the gluteus maximus and the lower trunk abdominals. The pelvic stability in walk standing and step standing positions was achieved by dynamic weight shifts through tactile cueing of lower trunk abdominals and gluteus maximus. The exercise was further progressed to stepping sideways in standing with posteriorly tilted pelvis, which involved the coordinated activity between quadratus lumborum, adductor and abductors of the hips. Similar to the side lying exercise, the triphasic burst of hip extensor and flexor was achieved during stepping-up over a small block kept in front. In addition, the hip muscles were progressively strengthened using closed kinetic chain exercise machine.
Outcome Measures
Trunk Impairment Scale 2.0 (TIS 2.0), an ordinal scale measured the movement coordination of lateral flexion and rotation initiated from upper and lower trunk [15] . Fugl Meyer Assessment-Lower Extremity (FMA-LE) scale with good internal consistency and inter-rater reliability was used to examine the motor performance of the lower extremity post stroke [16, 17] . Handheld dynamometer is a clinically reliable instrument and the strength of hip muscles was tested using the dynamometer in stroke studies [18, 19] . The isometric strength of hip extensors, flexors, abductors and adductors was measured using the break test in pounds (lb.). An average of 3 trials was considered the actual strength value. These test positions were standardized and are showed in Appendix 2. The angle of lateral and anterior pelvic tilt in standing was measured using the palpation meter, a reliable device to measure pelvic instability in stroke [5, 7, 20] . The gait speed and cadence were calculated after a 10-m walk test [21] . Modified Barthel Index (MBI) assessed the level of functional independence in the activities of daily living post stroke [22] . These outcomes were collected by an independent assessor who was involved in conducting neither the study intervention nor the randomization process.
Statistical Analysis
Data was analyzed using the SPSS 16.0 version. Baseline homogeneity of continuous and dichotomous variables between groups was tested using independent t test and chi-square test respectively. We confirmed the equality of variance using Levene's test and therefore conducted the parametric test. Paired t test was used for within-group analysis of outcome measures between preintervention and 6 weeks postintervention levels. The between groups comparison was done using the independent t test. The p value of <0.05 was considered statistically significant for the outcome measures. The extent of change in each outcome measure for the individual group was calculated by subtracting the baseline score upon the mean difference between pre-and post-training and the percentage of improvement was reported accordingly. We also identified the relative ratio of progress between 2 groups by dividing the percentage of improvement in standard physiotherapy over pelvic stability training.
Results
Flowchart depicts the number of patients who were screened, enrolled in the study and those who completed the intervention (Fig. 1) . After screening 73 patients for Pelvic stability training for 6 weeks (n = 17)
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Considered for analyzed (n = 13) Excluded from analysis (n = 4) study eligibility, 34 patients met the inclusion criteria. Of the 17 patients who were assigned to each treatment group, 13 patients completed the specific intervention protocol. At baseline, the demographic characteristics and outcome variables were similar except FMA-LE (p = 0.008) and TIS 2.0 (p = 0.001) and are presented in Table  1 . Seven patients (41%) from each group had a personal history of either tobacco chewing or cigarette smoking. Nine patients (53%) in pelvic stability training group and 10 patients (59%) in standard physiotherapy group allegedly reported alcohol consumption. Among 34 participants, most of them, 13 patients in each group (76%) had a previous history of either diabetes mellitus or hypertension or both. The medical report showed that there was an associated cardiac illness in 5 (29%) and 7 (41%) patients from experimental and control groups respectively. Within-group comparison of all outcome measures post intervention showed statistically significant changes (p < 0.05) for both groups. For between-groups comparison, the experimental group, that is, pelvic stability training showed statistically significant improvement in all outcome measures except MBI compared to standard physiotherapy. The corresponding mean changes between groups favor the pelvic stability training group. The mean changes within group and between groups for all outcome measures are showed in Table 2 .
Among all the outcome measures at the pre-training level, the movement control of trunk in sitting as measured using TIS 2.0 showed threefold changes, that is, the relative ratio of 3.4 and improved the most for the pelvic stability training (77%) than the standard physiotherapy (23%). The pelvic stability training (44%) in the FMA-LE measure showed 5 times greater over the standard physiotherapy (8.4%). The strength (lb.) of hip extensors and adductors in the experimental group (32%; 33%) improved 2 times more than that of the control group (15% each). Thirty five percentage of change in the hip flexor strength following pelvic stability training accounting for greater improvement (ratio of 3.8) compared to 9% improvement post standard physiotherapy care. Of all strength values, the hip abductors showed lesser changes following pelvic stability (20%) and standard physiotherapy (8%) interventions. Nevertheless, the relative ratio (2.6) between 2 groups favors the pelvic stability training. From the baseline walking parameters, the gait velocity and cadence of experimental group improved to 38 and 20%, respectively, whereas it showed just 4 and 6% changes in the mentioned parameters for the control group. On the pelvic tilt measures, the anterior and lateral pelvic obliquity got corrected by 46 and 56% in the experimental group as opposed to the control group (28%; 32%). The func- tional ability measured with MBI improved almost twofold in the experimental group (32%), while it was 18% in the control group.
Discussion
The aim of this study was to determine the effects of pelvic stability training on the trunk and lower extremity movement control, hip muscles strength, walking speed and daily activities in patients with stroke. We found that pelvic stability training showed noteworthy improvements on the movement control of trunk and lower extremities, hip muscles strength, gait speed and lateral pelvic tilt except anterior pelvic tilt and MBI in patients with stroke.
The benefits of pelvic stability training were seen in the better trunk performance as measured by TIS 2.0. Biomechanically, the pelvis is a part of lower trunk in the sitting position providing dynamic postural stability during anterior-posterior and lateral weight shifts. To perform lateral flexion and rotation of trunk movements in sitting, an individual should have better dynamic stability of the lower trunk and pelvis. We observed a reduction in angle of lateral pelvic tilt (relative ratio of 1.8) post training. Patients after stroke typically show limited forward pelvic movement and inability to transfer body weight towards the most involved body portion -buttocks -in sitting [23] . A previous cross-sectional study reported a positive correlation between excessive lateral pelvic tilt in sitting and poor trunk performance in patients with stroke [24] .
The observed 6.91 points mean changes in the FMA-LE scale favoring the pelvic stability training as compared to previously established minimal detectable change score of 3.57 points. We attribute this improvement to the proximal dynamic pelvic stability, which might have allowed for better intra-limb coordinated synergistic movements between hip, knee and ankle joints. Also, the selective activity of lower trunk and proximal hip muscles might have minimized the excessive co-contraction and stiffness of the most involved lower limb muscles, thereby possibly overcoming the stereotypic movement patterns [25] . The improvement in the hip extensor and abductor muscle strength could be related to the specificity of exercise regimen in which these muscles were trained for isometric contraction at their inner range against manual and mechanical resistance. We believe that the mean change of 2.8 lb. in the hip extensor strength supports the pelvic stability training. The change of 1.6 lb. in the hip extensor strength was recommended as a genuine change in the strength training regimen [26] . Due to the methodological limitations of a handheld dynamometer, we could not test the phasic isotonic contraction of hip flexors and adductors, but measured their isometric strength at certain joint angles. After pelvic stability training, the improvement in the isometric strength of these muscles might be related to more motor unit recruitment, re-organization of muscle fiber structure and increased rate of force development as an adaptive response [27, 28] . However, the use of isokinetic dynamometer in future trials shall provide a genuine change in the hip muscles strength following pelvic stability regime. Increased gait speed with a mean difference of 0.16 m/s could be related to better lower extremity motor control and hip muscle strength following 6 weeks of training. The change of gait speed observed in our study was similar to Milot et al. [29] who showed 0.14 m/s change in post stroke household walkers after 6 weeks lower limb strength training. Pelvic movements are altered in stroke during walking and are related to gait speed [8, 30] . An improved pelvic stability not only show a practice effect on balance ability but also allow better stance control and limb advancement, which are the major determinants of gait speed and cadence [31] . Our views are supported by Trueblood et al. [32] who demonstrated an immediate improvement on gait speed and cadence following PNF-based pelvic exercises. Enhanced forward propulsion of trunk segment and lateral pelvic displacement during stance phase are the other contributing factors for walking performance [33] . The repeated practice of stepping and weight transfer exercises in stride and step standing positions might have targeted the hip extensors and abductors activity. After stroke, the EMG activity of hip muscular activity during stepping closely resembles to healthy individuals [10] . The learning effect in response to exercise training might have improved the isometric activity of hip extensor during the stance phase, invariably allowing for peak hip and knee flexion momentum during the swing phase.
Overall, the mean change of 20 points and 32% improvement in the activities of daily living measured using MBI support the pelvic stability training. Pelvis being the functional kinetics of lower extremity while standing and during mobility, the proximal dynamic pelvic stability is essential to meet daily functional needs such as transfers, walking on the even floor and climbing upstairs. It is interesting to note that those who practiced standard physiotherapy care too improved (change of 12 points; 18%) considerably in the physical function measure. Addressing from the clinical perceptive of stroke recovery, even a minimal amount of change in activities of daily needs is clinically relevant. While interpreting the moderate dependence (MBI of 61-90 points) at the pre-training level, both the groups progressing from severely moderate to slightly moderate dependency indicates lesser community support to deal with [34, 35] . However, we are afraid that this notation should be confirmed in future interventional trials using the community-specific questionnaire as an outcome measure.
Limitations and Future Implications
The potential limitations of this study are that majority of study participants were males affected by ischemic stroke lesion with right-sided paralysis. Grouping of patients in regard to other co-morbidities was not performed due to the small sample size. Another potential limitation is that the strength of lower trunk muscles was not tested in this study. Nevertheless, the strength of lower limb muscles was not tested in the functional position; the isokinetic strength testing in future trials might give genuine effects of pelvic stability training. The study was conducted in a single rehabilitation setting and participants were not in the acute stage of stroke recovery. We believe that following them up with a longer study duration would further affirm the motor learning effects of pelvic stability training in patients with stroke. We further recommend the examination of the benefits of pelvic stability training on balance confidence and community participants in future clinical trials involving more number of study participants with follow-up.
Conclusion
Pelvic stability training is beneficial in improving the motor recovery of trunk and lower extremity, hip muscles strength, gait speed and activities of daily living in patients with stroke. Person with stroke is in crook lying position with least involved leg crossing over the most involved leg. She is then instructed to lift the pelvis off the plinth and hold it 5 seconds, but not allowing the lumbar spine to hyperextend. This exercise targets the hip extensor and the lower trunk oblique abdominals. The exercise was progressed to pelvic sway while maintain the dynamic bridge position.
Unilateral pelvic bridge with postural sway: Pelvic bridge on the plinth as the starting position, the person's most affected leg is placed on a Swiss ball. While maintaining the pelvic bridge on the weight bearing extremity, he was then instructed to stabilize the moving ball below the most involved leg. Also, the dynamic co-activity of lower trunk and hip muscles are retrained by moving the physio ball medio-laterally and anterio-posteriorly.
Tri-phasic activity of hip extensor and flexor: Person with stroke is lying on least involved side with bottom leg's hip and knee flexed to 90°. The top hip is extended; knee is flexed to 90° and the foot resting on therapist's hip/pelvis. Therapist's one hand is kept at gluteus maximus muscle and other hand is placed around the knee. She is then instructed to extend the hip isometrically in the inner range followed by isotonic contraction of hip flexors from outer to inner range.
Clamp shell exercise for gluteus medius: Patient is lying on the most involved side with both hips and knees flexed to 90°. Therapist places the hand at the distal 1/3 of the lateral aspect of thigh i.e., above lateral femoral condyle and the other hand stabilizing the patient's pelvis. She is instructed to abduct the top hip against the therapist's manual resistance while keeping both knees flexed. Irradiation of hip abductors on least involved side overflows to gluteus medius of most involved side.
Lower trunk and pelvic rotation stability: Person with stroke is lying on the least involved side with hips and knees flexed to 90°. Therapist stands facing her with the lower extremities supported around the arm. The other arm is placed at the lower rib cage with hand at lateral aspect of pelvis i.e., over gluteus medius. She was instructed to lift both knees together towards the ceiling and hold 5 seconds that activates the external and internal oblique abdominal muscles bilaterally.
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Appendix 2
Hip abductor and adductor strength training: Strengthening of hip abductors and adductors are trained using movement ergonomic machine. Hip abductors being the tonic and adductors being the phasic muscle groups, they are practiced with isometric and isotonic contraction of progressive resistance training, respectively. The contraction of these muscles overflows to lower trunk oblique abdominals and gluteus maximus resulting dynamic pelvic stability.
Dynamic pelvic stability in sitting: While seated on an unstable support surface and feet kept on another therapad, the patient is instructed to reach forwards, sideways and diagonal directions. These movements are encouraged in keeping the trunk erect with anteriorly tilted pelvis where the dynamic stability of pelvis is controlled by the coactivity of gluteus maximus, lower trunk oblique abdominal and quadratus lumborum muscles.
Dynamic pelvic stability in standing: While in walk standing and step standing positions, the dynamic weight shifts between feet are training by forward and diagonal reach-outs. Therapist's one hand activates the gluteus maximus and medius muscles whereas another hand activates the lower abdominal muscles so as to allow posterior tilt and dynamic stability of pelvis during weight transfer and reach-outs. The exercises are then practiced by changing the positions of most and least involved lower extremities.
Hip muscles strength (pounds) Method of strength measurement
Hip extensor
Patient in side lying position with the testing leg placed over a pillow. The bottom leg is bent to 90°-90° hip and knee flexion. The assessor stands behind the patient. The handheld dynamometer is placed on the distal 1/3 of posterior aspect of thigh. Patient is then instructed to generate maximum force against the base of dynamometer by extending his hip.
Hip flexor
Patient is in supine lying with the testing leg flexed and foot flat on the bed. The contralateral leg is extended to stabilize the pelvis. The assessor stands on the side to be tested. The dynamometer is placed on the distal 1/3 rd of anterior aspect of thigh. The patient is then instructed to generate maximum force against the base of dynamometer by flexing his hip and slides the heel towards hip.
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Hip abductor
Patient is in supine lying with both legs extended. The assessor stands on the side to be tested. The hand-held dynamometer is placed on the distal 1/3 of lateral aspect of thigh. Patient is instructed to generate maximum force against the base of dynamometer by abducting the hip towards the assessor.
Hip adductor
Patient is in supine lying with the testing leg kept extended. The contralateral leg is flexed to stabilize the pelvis. The assessor stands on the opposite side of the extremity to be tested. The dynamometer is placed on the distal 1/3 rd of medial aspect of thigh. The patient is then instructed to generate maximum force against the base of dynamometer by adducting the hip towards the assessor.
